Reproductive ageing in female rodents is accompanied by changes in circulating peptide and steroid hormones leading to irregular, lengthened oestrous cycles prior to loss of fertility. In this study, the effect of ageing is reported on steroid hormone synthesis within individual ovarian follicles and its retardation by restricted feeding for two groups of ad libitum fed animals (114 and 350 days) and two groups of diet-restricted animals (350 and 600 days). Follicles from ad libitum fed animals of 350 days showed a transition in follicular steroid hormone synthesis to release elevated amounts of oestradiol-17/? on all days of the cycle. This age-related change in follicle steroid release was significantly delayed by maintaining animals on a restricted feeding regime, and was not complete even by 600 days of age. This effect of diet as a means to manipulate ageing of the follicular steroidogenic pathways provides a useful system for investigating the control of reproductive ageing in rodents.
Introduction
Restriction of food intake has been widely used to retard the rate of ageing and extend life span in rodents [1] [2] [3] [4] . Female rats maintained on restricted feeding from weaning, achieve puberty and exhibit normal oestrous cycles, although the onset of puberty is delayed (63 to 189 days) [5] . In contrast with fully fed animals, no extension in oestrous cycle length is observed with ageing in food-restricted animals and normal cyclicity is continued to an age when control animals have ceased to cycle and have entered reproductive senescence [5] . The diet-restricted animals show a delay of 400-500 days in the timing of reproductive senescence and some animals are able to breed when over 800 days old [5, 6] .
A comparison of the oestrous cycle hormonal profile between control and diet-restricted animals, at an age when control animals are beginning to show the first hormonal changes associated with the initial phase of reproductive senescence, revealed two significant differences. In the diet-restricted rats (7-9 months old), the serum LH peak at proestrus occurred 5-6 hours earlier than observed in control animals of the same age [7] . This delay with ageing in the timing of the preovulatory LH surge in control rats confirmed the finding of earlier studies which used rats of 8-10 months of age [8, 9] . The oestradiol-17/3 peak occurred 6 hours earlier in 6-7-month control rats than in agematched diet-restricted animals and the total amount of oestradiol-17/3 secreted was significantly greater in fully-fed animals.
A series of in vitro studies using individual, rat ovarian follicles has been undertaken to gain further insight into the effect of ageing and restricted feeding on controlling the transition to elevated oestradiol-17/3 ovarian release.
Materials and Methods
Adult CFY-strain rats exhibiting normal 5-day oestrous cycles were obtained from a closed colony of rats and maintained singly caged at 21 ± 1°C, 50-70% relative humidity, 12 h light/dark cycle. Animals at weaning (21 days) were allocated to either ad libitum or restricted feeding as described previously [5] . Animals on restricted feeding were maintained at a growth rate which was approximately 50% that of ad libitum fed control rats. Such dietary regimes extend mean and maximum survival by approximately 36% [4, 5, 10] .
Follicular steroidogenesis was determined according to the method of Uilenbroek et al. [11] in individual follicles across each day of the oestrous cycle for four groups of animals; ad libitum fed animals of 114-and 350-days of age, and dietrestricted animals of 350-and 600-days of age. The six largest pre-and post-ovulatory follicles (> 400^jm) were obtained at llhOO by microdissection from ovaries of individual rats. Three animals were used for each day of the oestrous cycle in the four experimental groups to provide 18 follicles per group per day, giving a total of 360 follicles used for the study.
Three follicles from each animal were incubated individually in 500 /A of medium-199 (Gibco BRL) containing 10 mM HEPES (Sigma Chemicals) at pH7.4, for 4h in a shaking water bath at 37°C under 95% O 2 and 5% CO 2 . The steroid hormones, progesterone (P4), 20aOH-progesterone (20a-OHP4), testosterone (T), androstenedione (A4) and oestradiol-17/3 (E 2 17/3) were measured in non-extracted incubation fluid by validated radio-immunoassays (RIA). This group gave an estimate of the release of the five steroid hormones from the follicle over the 4-h incubation period.
The remaining three follicles from each animal were individually homogenized in 500 fxl incubation medium using 10 strokes of a glass homogenizer. The mass of each of the five steroids (P4, 20aOHP4, T, A4, E 2 17/?) was analysed by RIA to give a measure of follicular content for the five steroid hormones.
Radio-immunoassays: Oestradiol-17/? was assayed using anti-17/?-oestradiol-6-(CMO) BSA (Steranti Research Ltd.), 20a-hydroxyprogesterone using an antibody to 20ar-dihydroprogesterone-3-(CMO) (Steranti Research Ltd.) and progesterone using an antiserum raised against 4-pregnen-lla-ol-3,20-dione hemisuccinate BSA, as described previously [7] . Anti-testosterone-7a-BSA and anti-androstenedione-7a-BSA (Miles-Yeda Ltd.) were used according to the manufacturers' instructions to assay testosterone and androstenedione respectively [12] . All antisera for radio-immunoassays were raised in rabbits. [ The intra-and inter-assay variances for the radioimmunoassays were, E2-17/? 11.0% and 11.5%; P4 7.0% and 7%; 20aOHP4 7.5% and 9.2%; testosterone 6.4% and 11.8% and androstenedione 6.9% and 10.8%, respectively.
Statistical analysis: The criteria and procedure of Faden and Rodbard [13] and Rodbard et al. [14] were used to process the radio-immunoassay and quality control data. Data were analysed for age and diet effects by analysis of variance. Coefficients of the underlying regression model were tested for significant difference by F-tests of linear restrictions.
Results

Follicle hormonal content with ageing and restricted feeding:
The follicular content for the five hormones measured across each day of the oestrous cycle is shown in Figures 1A-5A . At 350 days of age in fully-fed animals, marked changes in follicular steroid content are seen. Significantly higher concentrations of oestradiol-17/? are present in ovarian follicles across all stages of the oestrous cycle, with the follicular content two to five times that seen in follicles from young adult animals. Oestradiol-17/3 content of the follicles was highest during the diestrus and proestrus phases of the cycle as observed for young animals. Conversely the follicular content of P4, 20aOHP4, T, and A4 was significantly reduced over most stages of the cycle in comparison with follicles from young animals. Follicles obtained from ovaries of 350-day-old animals which had been maintained on restricted feeding from weaning (21 days of age), showed a profile of hormone content characteristic of a 114-day-old, young fully-fed animal, rather than a 350-day-old, agematched fully-fed rat ( Figures 1A-5A ). Follicles from diet-restricted animals did not show the age effect of enhanced follicular content of E2I7/? and reduced content for progestogens and androgens until approximately 600 days of age, and then only at oestrus and metestrus.
Follicle hormonal release with ageing and restricted feeding: Follicles from 114-day-old animals showed significantly greater release of E2I7/? during the diestrus2 and proestrus stages of the cycle ( Figure  IB) . Throughout the cycle only very low concentrations of progesterone release could be measured; the major progestogen released being 20aOHP4 ( Figures  2B and 3B ). Significant amounts of T and A4 were released from the follicles across all stages of the cycle, but the highest amounts were released at diestrus 2 and proestrus, when the release of E2I7/? was greatest ( Figures 4B and 5B) . At 350 days of age in fully-fed animals, significantly higher amounts of E 2 17/? were released across all stages of the cycle with the exception of diestrus2 ( Figure IB) . A significant depression of P4 and 20aOHP4 release across the cycle was seen with ageing ( Figures 2B and  3B) . While the release of T was similarly depressed across all stages of the cycle, ageing had little effect on the release of A4 ( Figure 4B and 5B). The profile of hormone release in follicles from 350-day-old, diet-restricted animals was similar to that seen in the 114-day-old, fully-fed control animals, rather than the age-matched 350-day-old, fully-fed control rats. Oestradiol-17/3 release was again maximum at diestrus2 and proestrus, and progestogen release was mainly in the form of 20aOH-progesterone. High concentrations of androgen, both testosterone and androstenedione, were released across all stages of the cycle but significantly less testosterone was released from follicles at diestrus2 and proestrus than was observed in follicles from 114-day-old control animals. Very high amounts of E2-17/? were released at oestrus and metestrus but not at other stages of the cycle from ovarian follicles of 600-day-old, diet-restricted rats ( Figure IB) . Lower concentrations of P4 (except at diestrus2) and A4 release were seen across the cycle, but in agreement with the observations for follicles from control rats, ageing had less effect on the release of A4 than of T ( Figure 5B ).
Discussion
The present study demonstrates a marked age-related change in ovarian follicular steroidogenic profile during the first year of life in the rat which is inhibited by restricted feeding. At 1 year, oestradiol-17/3 follicular content is 3-4 fold, and release up to five-fold greater than that observed in follicles from young, mature animals. Ageing in female rats results in a gradual shift from regular oestrus cycles of 4-5 days length to irregular, lengthened cycles which may be associated with extended periods of cornification and delayed ovulation [15] . The timing of this transition is dependent upon the strain of rat, but normally occurs between 10 and 15 months of age [5] . In rats with oestrous cycles extended to 6 days, the plasma concentration of oestradiol-17/3 rises early in relation to the timing of ovulation. An earlier rise at diestrus2 is seen and a slower decline at proestrus, while circulating concentrations of oestrogen are elevated [16, 17] . Restricted feeding can delay the timing of these serum changes [7] .
Serum FSH in middle-aged rats and mice has been reported as significantly higher than in young, adult animals [16] [17] [18] [19] . A biphasic elevation in plasma FSH representing the preovulatory and secondary FSH surge is seen in female Sprague-Dawley rats up to 7 months of age, however at 7 months the secondary FSH peak is prolonged. At 9 months of age the secondary FSH surge is not seen and the first peak is delayed [20] . At 1 year the FSH preovulatory surge may be absent but FSH concentrations are elevated throughout the cycle [21] . The first surge of FSH (and of LH) release is stimulated by the pulsatile secretion of the hypothalamic peptide, gonadotrophin-releasing hormone, while the secondary FSH surge is probably regulated by ovarian inhibin which suppresses FSH beta gene transcription [22] .
Gene expression induced by FSH in granulosa cells includes cytochrome-P450 arom (aromatase) and cytochrome-P450 scc (cholesterol side-chain cleavage allowing progesterone synthesis). Both oestrogen and androgen have been shown to enhance FSH-stimulated aromatase activity [23] and the aromatase gene is regulated in granulosa cells by the synergistic actions of FSH viathecAMP pathway and oestradiol-17/3. The high content and release of oestradiol-17/3 observed in follicles from 350-day-old fully-fed animals may reflect the premature growth of follicles in response to the higher circulating concentrations of FSH at this age. Elevated oestradiol-17/3 synthesis would augment the FSH-stimulated aromatase activity, converting testosterone to oestradiol-17/3, and would promote the synthesis of inhibin [23, 24] .
Maturing follicles and stroma in the ovaries of 8-9 months Long-Evans rats express high concentrations of inhibin a mRNA which, in contrast with young mature cycling animals (3-4 months), remains elevated after the proestrus FSH and LH surges and subsequent ovulation [21] . A paracrine effect of increased inhibin production would be to promote LH/IGF-stimulated androgen synthesis in the theca interna. Amplification of the synthesis of the obligatory substrate of cytochrome-P450 arom would facilitate enhanced oestradiol-17/3 synthesis with ageing. In persistent oestrus females the increased inhibin a-and /3^-subunit gene expression is positively correlated with elevated FSH concentrations, a finding confirmed in ageing mice [19] , but not confirmed by DePaolo [25] , who has reported declining serum inhibin concentrations associated with elevated serum FSH in middle-aged animals at oestrus. However, Jih et al. [21] have questioned why a simultaneous increase in plasma FSH and inhibin should be present in ageing rodents. A possible explanation may be loss of pituitary negative feedback inhibition after chronic inhibin stimulation, for prolonged exposure to inhibin of pituitary cells which are maintained in an in vitro perifusion system induced resistance to the inhibitory effect on FSH release [26] .
Lintern-Moore and Everitt [27] have reported that restricted feeding from weaning slowed the rate of loss of primordial follicles in the rat but Meredith et al. [28] found no difference in the rate of loss compared with ad libitum fed animals. Conversely mice restricted to between 70 and 95% of ad libitum food intake had more primordial follicles than control mice [29] . No data are available to compare fully-fed and dietrestricted animals on the numbers of primordial follicles recruited to grow during subsequent oestrous cycles. It is therefore unclear whether restricted feeding slows reproductive ageing by a direct action on the central neuroendocrine system, or by modifying the follicular population of growing follicles in the ovary resulting in an indirect, steroid-mediated effect on the central neuroendocrine system.
